OBJECTIVE -To investigate the role of intrarenal vascular disease in the pathogenesis of nonalbuminuric renal insufficiency in type 2 diabetes.
T raditionally, microvascular disease resulting in a glomerulopathy and an increase in albumin excretion rate (AER) is believed to be the only significant mechanism by which diabetic renal disease develops. However, recent results have challenged the concept that a decline in renal function in patients with diabetes is always accompanied by an increased AER. Results from our group (1, 2) and from the Third National Health and Nutrition Survey (NHANES III) (3, 4) have suggested that the finding of nonalbuminuric renal insufficiency is not an uncommon discovery for subjects with diabetes, especially those with type 2 diabetes.
The structural basis of nonalbuminuric renal insufficiency in type 2 diabetes remains to be elucidated. However, the use of techniques such as duplex Doppler ultrasound allows for the rapid, noninvasive evaluation of the intrarenal vasculature (5) . In particular, the presence of intrarenal vascular disease can be documented by the use of established methods such as the calculation of the resistance index (5, 6) . Intrarenal arteriosclerosis, as opposed to other forms of renal damage, has been shown to be an independent risk factor for an increased intrarenal resistance index in nondiabetic subjects and even after adjustment for multiple clinical and biochemical parameters, including creatinine clearance, the intrarenal resistance index of subjects with diabetes is greater than the resistance index in subjects with nondiabetic renal disease (7, 8) . Furthermore, subjects with type 2 diabetes, microalbuminuria, and preserved renal function who have typical and atypical renal structure have a higher intrarenal resistance index when compared with those who have near normal renal structure (9) . This suggests that even when subjects have similar levels of impaired renal function, the type of underlying renal disease, especially the degree of intrarenal arteriosclerosis, may influence the intrarenal resistance index.
It is possible that a reduced GFR in normoalbuminuric subjects with type 2 diabetes occurs predominantly due to an increase in intrarenal arteriosclerosis as opposed to the well-described pathological changes that affect the glomerulus in diabetic subjects with reduced GFR and an elevated AER. However, currently it is not known whether the degree of intrarenal vascular disease is greater in low-GFR subjects with normaoalbuminuria compared with those with an elevated AER.
We therefore compared the intrarenal arterial resistance index in patients with type 2 diabetes according to their GFR estimation (eGFR), i.e., Ͻ or Ն60 ml/min per 1.73m 2 , who were further classified according to albuminuria status, i.e., normo-(Ͻ20), micro-(20 -200), or macroalbuminuria (Ͼ200 g/min). Clinical and biochemical associations with the intrarenal arterial resistance index for patients with an eGFR Ͻ60 ml/min per 1.73m 2 were also sought.
RESEARCH DESIGN AND METHODS -We studied 325 patients attending the diabetes clinics at Austin Health in 2001 who had sufficient clinical and biochemical information to calculate an eGFR using the Modified Diet in Renal Disease (MDRD) six-variable formula, at least two estimations of AER, and a renal duplex scan to estimate intrarenal vascular resistance, i.e., the resistance index of the interlobular arteries. The Ethics Committee of Austin Health approved this study, and informed consent was obtained from the study participants. The following parameters were measured in the study population: age, duration of diabetes, systolic and diastolic blood pressure (blood pressure Ϫ mean of three readings), HbA 1c (A1C), plasma creatinine, urea, albumin, cholesterol, and triglyceride levels. Mean arterial and pulse pressure were also calculated, as well as a history of antihypertensive agent use, including inhibitors of the reninangiotensin system (RAS), any class of retinopathy, and any history of a macrovascular event (including stroke, coronary artery disease, and peripheral vascular disease) was also recorded. Height and weight were also measured, and BMI was calculated as weight (in kilograms) divided by the square of height (in meters).
Measurement of intrarenal arterial resistance index
Patients with known renal artery stenosis, nondiabetic renal disease, or those with abnormal urinary sediment or microscopic hematuria were not included in this resistance index study. The resistance index was measured using a color Doppler ultrasound machine (Phillips HDI-5000). All measurements were made after an overnight fast and during suspended respiration at the end of inspiration. Apart from fasting overnight, the use of antihypertensive agents, including RAS inhibitors, was not suspended before the resistance index evaluation. We did not specifically screen patients for the presence of undiagnosed renal artery stenosis by performing a Doppler evaluation of the main renal arteries but did assess renal size and blood flow at the renal hilum. None of the 325 patients that were included in this study had an hilar acceleration time Ͼ100 mm/s or had evidence of kidney atrophy (Ͻ9 cm in length), parameters that are suggestive of renal artery stenosis Ͻ60% (10, 11) . Furthermore, no patients with renal insufficiency were included in this study if they had a mean resistance index value Ͻ0.45, a value associated with bilateral renal artery stenosis, or a difference in resistance index values Ͼ8% between the two different kidneys, a value associated with the presence of unilateral renal artery stenosis (12) . We also assessed the effects on resistance index values of a Ͼ25% difference in kidney size (estimated by length ϫ width ϫ 0.5). One patient with impaired renal function and normoalbuminuria (right resistance index 0.76, length 9.3 cm and left resistance index 0.76, length 10.4 cm) not eliminated on the above criteria was later diagnosed with bilateral renal artery stenosis by angiography when investigated for poor blood pressure control. The Doppler frequency (Ͻ3.5 MHz) and window area was kept to a minimum. The angle between the Doppler beam and vessels examined was kept Ͻ60°. All measurements were performed by the same examiner (M.H.) who was also unaware of the patient's eGFR and albuminuria status. Three different interlobar arteries from the upper and lower poles of each kidney were randomly selected and examined. The mean value from the two kidneys was then calculated and averaged. The resistance index was calculated as previously described (5), i.e., resistance index ϭ (peak systolic velocity Ϫ end diastolic velocity)/peak systolic velocity.
Laboratory methods AER was measured using fresh 24-h urine collections. On completion of each collection, a midstream specimen of urine was examined by microscopy and culture to exclude urinary tract infection and hematuria. AER and biochemical parameters were measured as previously described (2) . Serum creatinine was measured by the modified Jaffe reaction on a Hitachi 911 autoanalyzer, and eGFR was calculated using the six-variable MDRD formula (13, 14) .
Since one of the MDRD formulae were used to estimate GFR, the method for creatinine measurement used in this study was calibrated with that used in the MDRD study (15) . Creatinine measurements on the Hitachi machine had a good correlation with the Beckman-Coulter CX3 machine, the analyzer used to measure serum creatinine levels in the MDRD study (i.e., slope ϭ 1.074, y-intercept ϭ 0.003, r ϭ 0.995). The mean creatinine measurement of 46 creatinine samples assayed by both methods was 152 mol on the Hiatchi (range 37-659 mol/l) and 166 mol on the Beckman Coulter machine (30 -710 mol/l). Although mean creatinine values were 14 mol higher on the Hitachi machine compared with the Beckman Coulter machine, there was a tendency for the Hitachi machine to underestimate creatinine levels at low (Ͻ5 mol/l) concentrations compared with the Beckman Coulter machine. As the Hitachi machine had an error of approximately Ϯ7% in comparison to the Beckman Coulter and methods that produce creatinine values falling within Ϯ15% of the reference MDRD method are considered acceptable with respect to bias and precision by the Australian working group on chronic kidney diseases and automatic reporting of eGFR (16), we did not adjust serum creatinine concentrations in this study.
Patient classification
Patients were divided on the basis of their GFR estimation, i.e., Ͻ or Ն60 ml/min per 1.73m 2 , and further classified according to albuminuria status, i.e., normo-(Ͻ20), micro-(20 -200), or macroalbuminuria (Ͼ200 g/min) as determined by the geometric mean of at least two measurements collected within the same 12-month period as the eGFR measurement. In patients with a GFR Ͻ60 ml/min per 1.73 m 2 and normoalbuminuria, the results of all previous AER measurements were reviewed to identify any patients whose normoalbuminuric status was possibly related to RAS inhibitor use before the start of this study. After exclusion of these patients, an adjusted prevalence of a GFR Ͻ60 ml/min per 1.73 m 2 and normoalbuminuria was also calculated.
Statistics
Continuous data are expressed as means Ϯ SE and categorical data as number (%), except where specified. Serum creatinine, AER, and triglyceride values were expressed as median (interquartile range). Logarithmic transformation of AER and triglycerides was performed be-fore statistical analysis. Differences in continuous variables were compared using one-way ANOVA (three or more groups) with subgroups then compared by Fisher's partial least-squares difference post hoc test. Differences in categorical variables were compared using 2 analysis. Univariate and multivariate analysis was performed with resistance index as the dependent variable. We focused on associations with the resistance index in patients with an eGFR Ͻ60 ml/min per 1.73 m 2 because of the inherent bias and lack of accuracy of the MDRD formula for estimating GFR values above this cutoff.
RESULTS

Intrarenal resistance index measurements divided on the basis of GFR and AER status
In total, 93 (29%) patients had renal insufficiency defined as an eGFR Ͻ60 ml/ min per 1.73 m 2 . Of these patients, 39 (42%) had normo-, 29 (31%) had micro-, and 25 (27%) had macroalbuminuria. As shown in Table 1 , macroalbuminuric patients were younger and had a lower eGFR and higher serum creatinine level than normo-or microalbuminuric patients. There was also a preponderance of females in the normoalbuminuric loweGFR group, but overall there were no significant differences in sex between the normo-, micro-, and macroalbuminuric groups. There were significant differences in BMI for the three groups of patients, but there was no apparent trend for BMI to alter in parallel with albuminuric status. There were no significant differences in duration of diabetes, blood pressure values, A1C levels, use of antihypertensive agents, use of RAS inhibitors, prevalence of retinopathy or macrovascular disease, and lipid levels between the groups.
Patients with an eGFR Ͻ60 ml/min per 1.73 m 2 (n ϭ 93) had a higher resistance index of the renal interlobar renal arteries compared with patients with an eGFR Ն60 ml/min per 1.73 m 2 (n ϭ 232) when matched for AER status (Fig. 1) . Furthermore, the resistance index was elevated to a similar extent in patients with an eGFR Ͻ60 ml/min per 1.73 m 2 regardless of albuminuria status (normo-0.74 Ϯ 0.01, micro-0.73 Ϯ 0.01, and macroalbuminuria resistance index 0.75 Ϯ 0.11). These resistance index values for patients with an eGFR Ͻ60 ml/min per 1.73 m 2 were well above the previously reported upper end of the range for resistance index (i.e., Ͻ 0.7) in healthy subjects (6) . For patients with impaired renal function, the lowest mean resistance index value was 0.54 and the mean difference between resistance index values for paired kidneys (left versus right) was 0% (range Ϫ4.9 to ϩ6.6%). The mean difference in kidney size (left versus right) was 5.9% (Ϫ47 to ϩ163%). After excluding patients (n ϭ 22) with a Ͼ25% difference in kidney size and the one patient who was subsequently diagnosed with bilateral renal artery stenosis, resistance index results were still similar for patients with impaired renal function regardless of their albuminuric status (normo-0.74 Ϯ 0.01, micro-0.74 Ϯ 0.01, and macroalbuminuria 0.75 Ϯ 0.11).
Associations with intrarenal resistance index for low-GFR subjects For subjects with an eGFR Ͻ60 ml/min per 1.73 m 2 (n ϭ 93), there were significant univariate associations between the intrarenal arterial resistance index and age (r ϭ ϩ0.36, P Ͻ 0.001), eGFR (r ϭ Ϫ0.45, P Ͻ 0.0001), diastolic blood pressure (r ϭ Ϫ0.44, P Ͻ 0.001), mean arterial pressure (r ϭ ϩ0.28, P Ͻ 0.01), pulse pressure (r ϭ ϩ0.22, P ϭ 0.03), BMI (r ϭ ϩ0.29, P Ͻ 0.01), diabetes duration (r ϭ ϩ0.28, P Ͻ 0.01), and the reciprocal of serum creatinine levels (r ϭ ϩ0.23, P ϭ 0.03). There was also a significant sex difference in resistance index values for low-GFR patients (females 0.76 Ϯ 0.01 vs. males 0.73 Ϯ 0.01, P ϭ 0.05). However, multivariate analysis revealed that only four variables were independently associated with resistance index in this group, i.e., age (P Ͻ 0.0001), BMI (P ϭ 0.0001), eGFR (P Ͻ 0.01), and diastolic blood pressure (P Ͻ 0.01). These four variables explained 43% of the variance in resistance index (adjusted R 2 ϭ 0.43, P Ͻ 0.0001). The relationship between resistance index and age, eGFR, diastolic blood pressure, and BMI for patients with impaired renal function and normo-, Data are means Ϯ SE or median (interquartile range). Patients were stratified on the basis of AER, i.e., normo-(Ͻ20), micro-(20 -200), and macroalbuminuria (Ͼ200 g/min). Macrovascular disease includes a history of coronary heart disease, cerebrovascular disease, and peripheral vascular disease.
micro-, and macroalbuminuria is shown in Fig. 2 . There were no associations between resistance index and AER, systolic blood pressure, A1C, cholesterol (total, LDL, or HDL) or triglyceride levels. Similar associations were also observed for all patients irrespective of their GFR (n ϭ 325) with age (P Ͻ 0.0001), eGFR (P Ͻ 0.0001), and pulse pressure (P Ͻ 0.0001) emerging as independent predictors of resistance index.
The effect of RAS inhibition on intrarenal resistance index
The prevalence of an eGFR Ͻ60 ml/min per 1.73 m 2 and normoalbuminuria was also calculated after excluding 22 of 39 patients whose normoalbuminuric status was possibly altered by the use of an RAS inhibitor (i.e., the 13 patients on an RAS inhibitor before attending the clinic and the 9 patients with micro-or macroalbuminuria before the initiation of therapy). After this adjustment, the prevalence of an eGFR Ͻ60 ml/min per 1.73 m 2 and normoalbuminuria was 17/74 (22%). The age difference (normo-74 Ϯ 1, micro-73 Ϯ 2, and macro-67 Ϯ 2 years; P Ͻ 0.02) and lack of differences between other clinical and biochemical factors among patients with an eGFR Ͻ60 ml/ min per 1.73 m 2 and various levels of albuminuria were preserved after the exclusion of normoalbuminuric patients without a documented history of normoalbuminuria before the initiation of an RAS inhibitor.
Resistance index values that were observed for the entire population of loweGFR subjects with normo-, micro-, and macroalbuminuria, regardless of RAS inhibitor use (Fig. 1) , were not significantly different from those observed after excluding low-eGFR normoalbuminuric subjects who did not have a documented history of normoalbuminuria before the initiation of an RAS inhibitor (i.e., normo-0.75 Ϯ 0.02, micro-0.73 Ϯ 0.01, and macroalbuminuria 0.75 Ϯ 0.11). To further evaluate the effects of RAS inhibition on the resistance index, we compared the resistance index in all low-eGFR subjects (n ϭ 93) according to their RAS inhibition status. Normo-, micro-, and macroalbuminuric patients were evaluated together because of the small number of subjects that were not taking RAS inhibitors (n ϭ 15). There was no significant difference between resistance index values for subjects taking or not taking RAS inhibitors (0.75 Ϯ 0.01 vs. 0.73 Ϯ 0.07). Furthermore, the use of antihypertensive agents or RAS inhibitors did not emerge as independent predictors of the intrarenal resistance index for low-eGFR patients.
CONCLUSIONS -Since it is becoming increasingly apparent that a considerable proportion of subjects with type 2 diabetes can develop renal impairment in the absence of an increase in albuminuria, it is most important that the pathogenesis of normoalbuminuric renal insufficiency is fully elucidated. It has been suggested that premature senescence of the diabetic kidney, interstitial fibrosis, ischemic vascular disease, or cholesterol microemboli, as opposed to classical diabetic glomerulosclerosis, may contribute to the development of normoalbuminuric renal impairment in type 2 diabetes (4, 17) . In this study, we found that the resistance of the intrarenal arteries, as estimated by the calculation of a resistance index, was increased to a similar extent in subjects with type 2 diabetes and impaired renal function regardless of their albuminuric status.
Functional as well as structural parameters are known to influence the intrarenal resistance index (18 -20) . For example, an acute captopril challenge will decrease intrarenal resistance index values in diabetic subjects (20) . We therefore evaluated the use of antihypertensive agents and RAS inhibitors in our study subjects as determinants of the resistance index. Of note, the resistance index was evaluated in our study while subjects were still taking their normal medications. The use of antihypertensive agents and RAS inhibitors was similar in normo-, micro-, or macroalbuminuric subjects with impaired renal function. We found that the chronic use of antihypertensive agents or RAS inhibitors did not emerge as independent predictors of intrarenal resistance index values. Furthermore, the resistance index values were similar for low-eGFR subjects taking and those not taking RAS inhibitors. Differences in the intrarenal resistance index response to acute and chronic RAS inhibition remain to be explained.
It is recognized that acute changes in afferent or efferent arteriolar diameter can have effects on GFR and intraglomerular pressure, which may affect AER independent of glomerular injury. However, resistance index as measured in this study reflects predominantly arterial resistance at the whole-kidney level rather than changes at the single-nephron level (5) (6) (7) . This may explain the lack of a significant difference in resistance index for subjects taking or not taking RAS inhibitors.
One of the weaknesses of this study was that we did not specifically screen for the presence of renal artery stenosis in patients with impaired renal function by performing a Doppler examination of the main renal artery or by conducting an angiographic investigation. However, patients with known renal artery stenosis were excluded, and we accounted for Doppler intrarenal indexes that have been previously reported to be associated with the presence of hemodynamically significant renal artery stenosis (12) . Also, eliminating patients with asymmetrical kidney size (Ͼ25%) did not alter the finding that resistance index values were elevated to a similar extent in subjects with renal insufficiency regardless of albuminuric status.
Renal artery stenosis is known to lower resistance index values, and the possibility exists that a higher prevalence of extrarenal arterial disease (involving the main renal arteries) masked a higher prevalence of intrarenal vascular disease or dysfunction in patients with impaired renal function and normoalbuminuria compared with those with a similar degree of renal impairment and elevated AERs. Using intrarenal Doppler indexes and kidney size criteria, we did not diagnose any new cases of renal artery stenosis in this population of patients from which known cases of renal artery stenosis had already been excluded. Independent of the current study, one patient with impaired renal function was later diagnosed with severe bilateral renal artery stenosis. The prevalence of renal artery stenosis in our study population with impaired renal function was therefore 1/93 (1.1%). It has recently been reported that only 2/171 (1.2%) subjects with diabetes, hypertension, and microalbuminuria may have hemodynamically significant renal artery stenosis when extra-and intrarenal Doppler screening techniques are used (9) .
Consistent with previous studies, we found that the resistance index of the intrarenal arteries correlated with age, eGFR, and BMI in subjects with type 2 diabetes (21, 22) . Unlike a previous study, duration of diabetes was not found to correlate with resistance index values (22) . This difference may possibly be explained by the characteristics of our study population that consisted of subjects with established diabetes and renal impairment.
Our results also support the finding that increases in intrarenal arterial resistance index are not related to albuminuria (21, 23) . Decreases in GFR in subjects with type 2 diabetes have been associated with increases in carotid intimal-medial thickness, carotid stiffness, and increases in the intrarenal arterial resistance index (23) . This has led to the suggestion that the decline in GFR in type 2 diabetes is in part due to generalized increase in arteriosclerosis. We also found that diastolic blood pressure values were negatively correlated with resistance index values. This suggests that an increase in the resistance index of the intrarenal vasculature reflects a generalized increase in arteriosclerosis and a widening of pulse pressure. In support of this suggestion, it has been shown that there is a relationship between the resistance index of the main renal artery and a nonsignificant correlation (P ϭ 0.072) of the intrarenal resistance index with systemic pulse wave velocity in subjects with diabetic and nondiabetic renal disease (8) . The mechanisms responsible for the increase in intrarenal resistance index and a reduction in systemic arterial compliance, at least in diabetes, are not fully understood but may involve impaired glycemic control, the glycation of structural proteins within the arterial wall, angiotensin-stimulated collagen deposition in vessel walls, autonomic nervous system dysfunction, or endothelial dysfunction (24) .
The renal pathologies that explain the relationship between declining GFR and AER in type 2 diabetes are not well characterized. Renal structural changes that are typical and atypical of diabetic glomerulopathy have been described for subjects with type 2 diabetes, microalbuminuria, and preserved renal function. The most common renal changes reported in this clinical context include normal or near-normal renal structure and atypical patterns or injury including tubulointerstitial lesions, advanced glomerular arteriolar hyalinosis, and global glomerular sclerosis (25) . For macroalbuminuric subjects with various degrees of renal impairment, structural changes apart from those of typical diabetic glomerulopathy are also not uncommon (26 -30) . At present, very little information is available regarding the renal morphology of normoalbuminuric patients with type 2 diabetes regardless of GFR status.
Recently an animal model of type 2 diabetic normoalbuminuric renal insufficiency has been described (31) . The Cohen diabetic rat is known to develop progressive impairment in renal function with morphological changes that are typical of diabetic glomerulosclerosis but without proteinuria. These rats also develop retinal pathology that is consistent with nonproliferative diabetic retinopathy. Also, normoalbuminuric patients with type 1 diabetes and reduced GFR have more advanced glomerular lesions than normoalbuminuric subjects with normal renal function, particularly if retinopathy or hypertension are also present (32) .
These latter findings suggest that changes in glomerular pathology at the molecular, rather than the microscopic, level possibly determine AER status. For example, maintenance of normal expression of nephrin and other proteins that are essential for the integrity of the slit diaphragm (33) (34) (35) may explain why AER is not elevated in the setting of a microscopic glomerulopathy. In contrast, a reduced GFR may be associated with pathological changes, including, but not exclusively related to, morphological changes that result in an increase in intrarenal vascular disease. Indeed, at least in subjects with type 1 diabetes and normoalbuminuric renal insufficiency, glomerular structural parameters correlate with a decline in GFR (32), but glomerular pathological changes are not thought to have a major influence on the intrarenal resistance index (5, 7, 32) . The pathological processes that result in a decline in GFR in normaolbumiuric subjects with type 2 diabetes remain unknown, but our results suggest that all subjects with type 2 diabetes and a low eGFR have a similar burden of intrarenal vascular disease regardless of their AER status.
In the present study we found that the prevalence of normoalbuminuric renal insufficiency, defined as an eGFR Ͻ60 ml/min per 1.73 m 2 (estimated by the MDRD six-variable formula) and after accounting for the use of RAS inhibitors, was 23% for clinic subjects with type 2 diabetes. We have previously reported an almost identical prevalence of normoalbuminuric renal insufficiency when GFR was estimated by the accepted gold standard for measuring GFR in routine clinical practice, i.e., the plasma disappearance of a radioisotopic marker, in a similar population of clinic subjects (1) . The concordance between the prevalence of normoalbuminuric renal insufficiency when GFR is measured either by the MDRD six-variable formula or by an isotopic method suggests that using the MDRD six-variable formula may prove to be a useful and accurate method for detecting renal insufficiency in normoalbuminuric subjects with diabetes.
Subjects with impaired renal function and macroalbuminuria tended to be older and female and as mentioned had lower absolute eGFR values when compared with those with renal insufficiency and normoalbuminuria. However, consistent with our previous report, there were no significant differences in diabetes duration, blood pressure measurements, treatment for hypertension, use of RAS inhibitors, prevalence of macrovascular disease, and prevalence of retinopathy among subjects with impaired renal function and normo-, micro-, and macroalbuminuria (1). We did not specifically match subjects with impaired renal function for clinical and biochemical parameters that are known to influence the resistance index. However, it is unlikely that the small clinical differences in age and absolute eGFR values that were observed for macro-compared with normoalbuminuric subjects masked any true difference in the resistance index values for these groups of patients.
In conclusion, subjects with type 2 diabetes and an eGFR Ͻ60 ml/min per 1.73 m 2 had a greater degree of intrarenal vascular disease, as measured by the intrarenal resistance index, compared with subjects with an eGFR Ն60 ml/min per 1.73m
2 , but these differences were independent of AER status. An increase in intrarenal vascular disease may be related to a decline in GFR in nonalbuminuric renal insufficiency. However, we did not find that there was a preponderance of intrarenal vascular disease in normoalbuminu r i c c o m p a r e d w i t h m i c r o -a n d macroalbunuric subjects who had renal impairment. The pathological mechanisms that determine the relationship between impaired renal function and AER status in subjects with type 2 diabetes remain to be elucidated.
